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Abstract. We use the string melting version of a multi-phase transport (AMPT) model to study Cu+Au
collisions at
√
sNN = 200 GeV. The rapidity distributions of identified hadrons show asymmetric depen-
dences on rapidity. In addition, elliptic and triangular flows at mid-rapidity from the AMPT model for
pions, kaons, and protons agree reasonably with the experimental data up to pT ∼ 1 GeV/c. We then
investigate the forward/backward asymmetry of v2 and v3. We find that these anisotropic flows are larger
on the Au-going side than the Cu-going side, while the asymmetry tends to go away in very peripheral col-
lisions. We also make predictions on transverse momentum spectra of identified hadrons and longitudinal
decorrelations of charged particles, where the average decorrelation of elliptic flow in asymmetric Cu+Au
collisions is found to be stronger than that in Au+Au collisions.
PACS. 24.10.Lx Monte Carlo simulations – 25.75.Ld Collective flow
1 Introduction
Extensive studies indicate that heavy ion collisions at Rel-
ativistic Heavy Ion Collider (RHIC) and the Large Hadron
Collider (LHC) have created the deconfinement Quark-
Gluon Plasma (QGP). Anisotropy flow is one of the well-
known evidences to prove the creation of the hot and dense
matter. It is the azimuthal anisotropy of final hadrons in
the momentum space, which is converted from the ini-
tial spatial anisotropy of the produced QGP. Hydrody-
namical models [1,2,3] and transport models [4,5] have
been successfully used to describe these signals. In ad-
dition, the longitudinal fluctuations affect the anisotropy
flows, and the decorrelation of anisotropic flows at differ-
ent pseudorapidities provides new insights into the initial
condition along the longitudinal direction [6,7,8,9]. Large
anisotropy flows have been observed even in small systems
such as p+Pb collisions at LHC and d+Au collisions at
RHIC [10,11,12]. Although hydrodynamical models [13,
14] and transport models [15] can describe these phenom-
ena, how exactly the anisotropy flows are generated is
still an open question. Recent studies [16,17] have shown
that the aniso-tropic parton escape may contribute to the
flows more than the hydrodynamics evolution, especially
for small systems.
Asymmetric nuclei collisions such as Cu+Au provide
another way to explore the initial state and parton in-
teractions in heavy ion collisions. The collisions with un-
a e-mail: hyuncun@foxmail.com
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equal mass nuclei have asymmetric overlap geometry, en-
ergy density distribution and transverse length in the fire-
ball. Investigation on Cu+Au collisions can help us get
more information about the QGP and distinguish differ-
ent models.
Event-by-event viscous hydrodynamics has been ap-
plied to predict the multiplicity, flow coefficients and fem-
toscopy radii in Cu+Au collisions at
√
sNN = 200 GeV [18].
The study on anisotropic flows in Cu+Au collisions with
the previous AMPT model [19] showed that the directed
flow is stronger and the elliptic flow is more sensitive to the
parton cross section compared with Au+Au collisions. Re-
cently, both PHENIX [20] and STAR [21] Collaborations
have published data on the azimuthal anisotropy at mid-
rapidity in Cu+Au collisions at
√
sNN = 200 GeV based
on the first asymmetric nuclei system runs in 2012. The
PHENIX Collaboration also reported its measurements
on the asymmetry of anisotropic flows [22] and the nu-
clear modification factor [23]. In this work, we use the
string melting AMPT model with the new coalescence
to calculate hadron productions in Cu+Au collisions at√
sNN = 200 GeV. In addition to comparing with the
available experimental data on the elliptic flow and trian-
gular flow at mid-rapidity, we also predict other observ-
ables such as the rapidity distribution, transverse momen-
tum spectra, rapidity asymmetry of the elliptic flow and
triangular flow, and longitudinal decorrelations.
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2 The AMPT model with new coalescence
The AMPT model is a comprehensive event generator
for heavy ion collisions [24]. The model incorporates the
initial condition, parton interactions, hadronization, and
hadron interactions. The default AMPT model with the
Lund string fragmentation as hadronization involves only
minijet partons in the parton phase, and it can reproduce
the yields and transverse momentum spectra of identified
hadrons in heavy ion collisions at SPS and RHIC but fails
to describe the elliptic flow at RHIC [25]. On the other
hand, the string melting AMPT model converts all ex-
cited strings into partons before the parton cascade and
then describes the partonic matter to hadronic matter by
the quark coalescence mechanism. Due to more energy and
earlier interactions in the parton cascade, the string melt-
ing AMPT model can reasonably describe the anisotropic
flows and long-range azimuthal correlations in A+A col-
lisions and p+A collisions [25,26,27]. However, the previ-
ous string melting AMPT model has problems in describ-
ing baryon productions; for example it produced more an-
tiparticles than particles for multistrange baryons [27,28].
Recent development on the quark coalescence compo-
nent [28] has improved baryon descriptions in the string
melting AMPT model. The new coalescence has removed
the previous constraint that forced the number of mesons,
baryons and anti-baryons to be separately conserved in
each event. As a result, each quark is free to coalesce
to form a baryon or a meson, depending on the distance
from the potential coalescence partners. As shown in that
study [28], the new quark coalescence is not only more
physical but also makes the coalescence to baryons more
efficient. In addition, the string melting AMPT model im-
proved with this new coalescence can better describe the
baryon yields, transverse momentum spectra and elliptic
flows at low pT in both Au+Au collisions at
√
sNN = 200
GeV and Pb+Pb collisions at
√
sNN = 2.76TeV [28].
Therefore the AMPT model with the new quark coales-
cence is more reliable for the simulation of high-energy
heavy ion collisions, especially for baryons and antibaryons.
In the following, we will use the string melting AMPT
model with the new quark coalescence to calculate Cu+Au
collisions at
√
sNN = 200 GeV. We use the same main pa-
rameters as a recent study [28]: the Lund string fragmen-
tation parameters a = 0.55 and b = 0.15 GeV−2 [26], the
strong coupling constant αs = 0.33, and a parton cross sec-
tion of 1.5 mb. However, we terminate the hadron cascade
at the global time of 300 fm/c because this study includes
flows at large rapidities. Since hadron formation and in-
teractions are time-dilated at large rapidities (roughly by
the factor cosh y [28]) and hadronic rescatterings affect the
flows of identified hadrons [29,30], we need to use a large-
enough global cutoff time to include hadronic scatterings
at large rapidities. Note that centrality in this study is
determined by the impact parameter distribution in min-
imum bias AMPT events.
3 Particle yields and momentum spectra
Figure 1 shows the dN/dy yields of pi+, K+, K−, p, p¯,
Λ, Ξ− and Ω− in Cu+Au collisions (thick curves) and
Au+Au collisions (thin curves) at
√
sNN = 200 GeV.
The curves represent AMPT results for most central 0-
5% collisions (but 0-10% for Ω−) and semi-central 20-30%
collisions, while the symbols are experimental results for
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Fig. 1. dN/dy of identified hadrons in Cu+Au and Au+Au collisions at
√
sNN = 200 GeV from the AMPT model (curves) in
comparison with the Au+Au data (symbols).
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Fig. 2. pT spectra at mid-rapidity for identified hadrons in central Cu+Au and Au+Au collisions at
√
sNN = 200 GeV from
the AMPT model (curves) in comparison with the Au+Au data (symbols).
Au+Au collisions from PHENIX [31] and STAR [32,33]
Collaborations. Note that we simulate Cu+Au collisions
of each centrality separately (e.g., ∼0.9 million events for
20-30% centrality and ∼5 million events for the 40-60%
centrality), while the Au+Au results shown in this study
are based on our previous calculations [28]. We see that the
AMPT model can well reproduce the mid-rapidity dN/dy
of pi+, K+, K−, p, and p¯ in Au+Au collisions, although
it underestimates the dN/dy yields of strange baryons Λ,
Ξ− and Ω−. The peak magnitude of dN/dy in Cu+Au
collisions is about half of that in Au+Au collisions, and
the peaks are often shifted towards the backward rapidity
(i.e. the Au-going side), consistent with the expectation
of more participants in the Au-going side that results in
a shift in the center-of-mass rapidity of the produced fire-
ball [21]. However the shift is not obvious for p and p¯. In
addition, the rapidity distribution of pion, kaon, Λ, and
Ξ− shifts more to the Au-going side in central collisions
than in semi-central collisions [21]. Specifically, the mean
rapidity in central collisions and semi-central collisions is
about -0.43 and about -0.24 respectively for pi+, -0.39 and
-0.23 respectively for K+, -0.34 and -0.19 respectively for
K−, -0.13 and -0.08 respectively for p¯, -0.78 and -0.42
respectively for Λ, -0.57 and -0.29 respectively for Ξ−, -
0.38 and -0.34 respectively for Ω−. For protons, the the
meaning of the mean rapidity is less straightforward due
to stopped protons from the incoming nuclei.
We show in Fig. 2 the pT spectra at mid-rapidity for
pi+, K+, K−, p, p¯, Λ, Ξ− and Ω− in central Cu+Au col-
lisions (thick curves) and central Au+Au collisions (thin
curves) at
√
sNN = 200 GeV from the AMPT model in
comparison with the Au+Au data. The centrality is 0-5%
for all the particles except that it is 0-10% for Ω−. We
also show the ratio of the spectrum in Cu+Au collisions
to that in Au+Au collisions in the inset of each panel, and
the ratio is ∼ 0.5 for all the hadron species. The AMPT
model can describe the Au+Au data of identified particles
up to pT ∼ 3 GeV/c of pi+, K+, K−, p, and p¯. The shape
of the pT spectrum at pT < 2 GeV/c in central Cu+Au
collisions for a given hadron species is about the same as
that in central Au+Au collisions (except that protons are
softer in Cu+Au collisions within 0 < pT < 2 GeV/c). We
note that a study with hydrodynamics predicted that the
transverse momentum spectra of pi+, K+, and p are softer
than that in Au+Au collisions [18].
4 Elliptic and triangular flows
The anisotropy coefficients v2 and v3 for the second and
the third harmonic of the azimuthal particle distributions
play an important role in the study of QGP properties [34].
They are sensitive to the initial geometry and the prop-
erties of partonic and hadronic matter in heavy ion colli-
sions [29,30,35,36]. In this study we calculate them as
vn =
〈
cos[n(φ−ΨEPn )]
〉
Res(ΨEPn )
, (1)
where φ represents the azimuthal angle of a particle in
momentum space, ΨEPn is the n
th harmonic event-plane,
〈· · ·〉 denotes the averaging over particles in each event
and then over all events, and the denominator is the cor-
rection factor for the event-plane. In this study we cal-
culate vn in Cu+Au collisions using the same method as
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Fig. 3. v2 of pi, K, and p at mid-rapidity from the AMPT model in comparison with the PHENIX data for 20-30% Cu+Au
collisions at
√
sNN = 200 GeV.
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Fig. 4. v3 of charged hadrons at mid-rapidity from the AMPT model in comparison with the PHENIX data for 0-10% and
20-30% Cu+Au collisions at
√
sNN = 200 GeV.
the PHENIX Collaboration [20]. For vn at mid-rapidity,
we determine the event-plane ΨEPn with charged particles
within 3 < |η| < 3.9, and the resolution of the event-
plane is calculated using the three-subevent method with
particles in three pseudorapidity regions (-3.9 < η <-3, 3
< η < 3.9, and |η| < 0.35), where particles within |η| <
0.35 are limited to 0.2 < pT <2 GeV/c to exclude jet
contributions. For vn at large rapidities, we determine the
event-plane ΨEPn with charged particles in the central bin
(|η| < 0.35) and use the three-subevent method for the
correction factor of the event-plane [22].
Figure 3 shows v2 around mid-rapidity (|η| < 0.35)
as a function of pT from the AMPT model for 20-30%
Cu+Au collisions at
√
sNN = 200 GeV in comparison
with PHENIX data [20]. The left, middle, and right panels
represent charged pions, charged kaons, and (anti)protons,
respectively. We can see that AMPT can reproduce these
identified hadrons’ v2 at low pT . In Fig. 4 we compare
charged hadrons v3 around mid-rapidity (|η| < 0.35) with
the PHENIX data for 0-10% and 20-30% Cu+Au collisions
at 200 GeV, where the AMPT results agree well with the
data. The results here are consistent with an earlier calcu-
lation [20] where the AMPT model with the old quark coa-
lescence was used together with a modified Glauber model
and a parton cross section of 3.0 mb. As shown in Fig. 5, v2
and v3 from the AMPT model with the new quark coales-
cence are also reasonably consistent with the mid-rapidity
|η| < 1 STAR data [21] at low pT for 20-30% Cu+Au colli-
sions at 200 GeV. Here we use particles in three subevents
(−1 < η < −0.4, |η| < 0.2, and 0.4 < η < 1) with an η-
gap of 0.4 and within pT < 2 GeV/c [21] to determine the
event-plane and the event-plane resolution for comparison
with the STAR data. Our results describe the STAR data
better than the previous AMPT simulation with the old
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Fig. 6. v2 of pi, K, p at mid-rapidity, backward and forward pseudorapidities for 20-30% Cu+Au collisions from the AMPT
model.
quark coalescence [21] which overestimated the flows at
low pT . Thus they provide a good baseline for us to fur-
ther study the asymmetry of anisotropic flows in rapidity
in Cu+Au collisions.
A significant feature of Cu+Au collisions is the rapid-
ity asymmetry as shown in Fig. 1. In Fig. 6 we compare
the v2 of charged pions, charged kaons, and (anti)protons
at large pseudorapidities 3 < |η| < 3.9 and mid-rapidity in
20-30% Cu+Au collisions. The solid curves represent the
v2 at backward pseudorapidities (i.e. the Au-going side),
the dashed curves represent the v2 at forward pseudora-
pidities (i.e. the Cu-going side), and the dot-dashed curves
are results at mid-rapidity. We can see that the v2 of these
particles at mid-rapidity is usually the largest, while v2 at
the large backward pseudorapidity is stronger than that at
the large forward pseudorapidity. This forward/backward
asymmetry of v2 in Cu+Au collisions should be related to
asymmetry of the initial geometry between the Cu-going
side and the Au-going side. This asymmetry is qualita-
tively similar to that in asymmetric small systems such as
p+Pb collisions, where the anisotropic flows are larger in
the Pb-going side than that in the proton-going side [37].
The pseudorapidity dependences of v2 and v3 of charged
hadrons within 0 < pT < 3 GeV/c are shown in Fig. 7 for
20-30% Cu+Au collisions, where we have calculated the
flows in different pseudorapidity regions: η ∈ (-5, -3.9),
(-3.9, -3), (-3, -2.5), (-2.5, -2), (-2, -1.5), (-1.5, -1), (-1,
-0.35), (-0.35, 0.35), (0.35, 1), (1, 1.5), (1.5, 2), (2, 2.5),
(2.5, 3), (3, 3.9), and (3.9, 5). We use particles within
3 < |η| < 3.9 to determine the event-plane for the re-
gions |η| < 3 but use particles within |η| < 0.35 for the
|η| > 3 regions. Solid curves in Fig. 7 are results for the
regions |η| < 3 while dashed curves are for the |η| > 3
regions; the two sets of curves do not connect smoothly
because of the above different event-plane methods and
longitudinal decorrelation. They are compared with the
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Table 1. The ratio of average flow in backward pseudorapidity
(-3.9 < η < -3) over that in forward pseudorapidity (3 < η <
3.9) in Cu+Au collisions at different centralities.
Centrality 〈v2(B)〉/〈v2(F )〉 〈v3(B)〉/〈v3(F )〉
0-10% 1.30 ± 0.03 1.42 ± 0.08
20-30% 1.35 ± 0.02 1.43 ± 0.10
40-60% 1.22 ± 0.02 1.34 ± 0.15
60-80% 1.14 ± 0.03 0.71 ± 0.36
PHENIX preliminary data in |η| < 0.35 and 3 < |η| <
3.9 [38,39]. The magnitudes of v2 and v3 at large pseu-
dorapidities are higher than the PHENIX data, while the
forward/backward asymmetry is roughly consistent with
the PHENIX data. We also see that the flows in the back-
ward pseudorapidity are larger than that in the forward
pseudorapidity, and the peaks of the flows are in the back-
ward pseudorapidity. This is consistent with the AMPT
results in an earlier study [40], although there the peaks
of the vn(η) curves usually appear closer to η = 0 and the
magnitudes of vn at large pseudorapidities are closer to
the data.
We show in Fig. 8 the AMPT results of charged par-
ticles’ v2 within 3 < η < 3.9 and -3.9 < η < -3 in Cu+Au
collisions at different centralities. The difference of v2 be-
tween backward and forward pseudorapidities first increases
from central (0-10%) collisions to semi-central (20-30%)
collisions and then decreases in more peripheral collisions.
Fig. 9 shows similar features for the v3 of charged parti-
cles; however, the statistical error bars are large. To better
observe the forward/backward asymmetry of the flows in
Table 2. Charged particle multiplicity density dNch/dη in
backward pseudorapidity, forward pseudorapidity, and their ra-
tio for Cu+Au collisions at different centralities.
Centrality -3.9 < η < -3 3 < η < 3.9 Ratio
0-10% 207.8 ± 0.5 124.4 ± 0.2 1.67 ± 0.01
20-30% 103.3 ± 0.3 76.7 ± 0.2 1.35 ± 0.01
40-60% 36.7 ± 0.2 31.1 ± 0.2 1.18 ± 0.01
60-80% 12.2 ± 0.1 10.0 ± 0.1 1.22 ± 0.02
Cu+Au collisions, we present in Table 1 the ratio of the
average flow magnitude in the backward pseudorapidity
(-3.9 < η < -3) over that in the forward pseudorapidity (3
< η < 3.9) from the AMPT model. Note that the aver-
aged flow is calculated by integrating vn(pT ) with the pT
spectrum as the weight. Table 1 shows that the averaged
v2 ratio has a clear dependence on the centrality, where
the ratio is the highest for central (0-10%) or semi-central
(20-30%) Cu+Au collisions but much lower at peripheral
(60-80%) collisions. The averaged v3 ratios show similar
dependence on the centrality, although the statistical er-
rors are big.
To better understand the forward/backward asymme-
try of flows in Cu+Au collisions, we list in Table 2 the
charged particle multiplicity density (dNch/dη) values within
-3.9 < η < -3, 3 < η < 3.9 and their ratio at differ-
ent centralities. The multiplicity density in the backward
pseudorapidity is significantly larger than that in the for-
ward pseudorapidity, thus we can expect the initial spatial
anisotropy in the backward pseudorapidity to be better
converted to anisotropic flows in the momentum space.
8 He and Lin: Cu+Au collisions at
√
sNN = 200 GeV from the AMPT model
On the other hand, the centrality dependence of the back-
ward/forward dNch/dη ratios is not the same as that of the
〈vn(B)〉/〈vn(F )〉 ratios, because the initial spatial anisotropy
can also have forward/backward asymmetry that conse-
quently affects the asymmetry of flows.
The forward/backward asymmetry of flows in Cu+Au
collisions is also related to longitudinal correlations and
fluctuations. The longitudinal decorrelation has been mea-
sured at both LHC [6,7] and RHIC [41]. The CMS Col-
laboration proposed the factorization ratio rn(η
a, ηb) to
investigate the decorrelations [6]. For particles within ηa
and reference particles within ηb , it is defined as
rn(η
a, ηb) =
Vn∆(−ηa, ηb)
Vn∆(ηa, ηb)
, (2)
where Vn∆(η
a, ηb) = 〈〈cos(n∆φ)〉〉 and 〈〈〉〉 denotes the av-
eraging over all particle pairs in each event and then over
all events. For asymmetric collision systems, the average
factorization ratio can be defined [6] as the square root
of the product of rn(η
a, ηb) and rn(−ηa,−ηb), because it
is not affected by the forward/backward asymmetry of vn
but is only sensitive to the η-dependent event-plane cor-
relations.
These factorization ratios for n = 2 and 3 for Au+Au
collisions and Cu+Au collisions at
√
sNN = 200 GeV in
the 20-30% centrality class are shown in Fig. 10. The pseu-
dorapidity range for reference particles is 2.5< ηb <4.0
while the particles in ηa are within 0.4< paT <4 GeV/c ac-
cording to the STAR measurements [41]. Solid curves are
the AMPT results for r2 while dashed curves are for r3.
We see that the factorization ratios r2 and r3 in Au+Au
collisions both agree reasonably well with the STAR data
within ηa <1 [41]. The decrease of the average r2 with η
a
in Cu+Au collisions is clearly faster than that in Au+Au
collisions, consistent with the fact that there are fewer
wounded nucleons (or excited Lund strings) for particle
productions in Cu+Au collisions. On the other hand, the
decrease of the average r3 with η
a in Cu+Au collisions is
similar to that in Au+Au collisions while we note that the
error bars in the Au+Au results are sizable.
5 Summary
Using the AMPT model with the improved quark coales-
cence, we have investigated Cu+Au collisions at
√
sNN =
200 GeV. We predict the dN/dy yields of identified hadrons
and find that the peak of the yield shifts towards the Au-
going side as expected. We also predict the transverse mo-
mentum spectra of identified hadrons and the longitudinal
factorization ratios of charged particles. In addition, the
elliptic flow and triangular flow at mid-rapidity from the
AMPT model agree reasonably well with the experimental
data at low pT . Regarding the forward/backward asymme-
try of elliptic and triangular flows, our results show that
the flow on the Au-going side is stronger than that on the
Cu-going side. The asymmetry in both v2 and v3 are the
biggest at the 20-30% centrality and then decline with the
increase of centrality. These results on asymmetric nuclear
collisions could help us better understand the initial stage
and the later dynamics in relativistic heavy ion collisions.
This research is supported by the NSFC of China under Grant
No. 11547016.
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